Index Terms-Cell-gap measurement, reflective liquid crystal display.
I. INTRODUCTION
R EFLECTIVE TWISTED NEMATIC (RTN) liquid crystal display (LCD) is widely used in personal information systems due to its low power consumption, light weight, and good outdoor readability. In a reflective LCD, cell gap plays an important role in determining the performances, such as brightness, contrast ratio, and response time. During device fabrication, the LC cell gap may deviate from its originally designed value. Since the reflector is embedded in the inner side of the bottom substrate, the cell gap of a reflective cell is inconvenient to be measured by the conventional methods developed for the transmissive displays. [1] - [4] Several methods have been proposed to measure the cell gap of reflective LC cells, such as the spectrum-scanning method, [5] - [7] , the phase-compensation method [8] , and the input-polarization-angle-dependence method. [9] In the spectrum scanning method, the measured reflectance spectrum is used to fit the twist angle and (where is the cell gap and is the LC birefringence) [5] , or to search linear polarization conversion and circular polarization conversion conditions. [6] , [7] Owing to the inner surface reflections of indium/tin/oxide (ITO) substrates, the spectrum scanning method always exhibits Fabry-Perot effect [10] and hence disturbs the measurment accuracy. The scanning spectrum method requires a spectrophotometer, which is somewhat complicated and costly. Thus, from the measurement accuracy, simplicity, and cost viewpoints, a single wavelength method is preferred. Another factor affecting the measurement accuracy is surface reflection resulting from the refractive index mismatch between air and glass substrate. The crossed-polarizer configuration would eliminate such an undesirable effect [5] , [9] .
Manuscript received May 13, 2002 In this paper, we present a simple cell-gap measurement method using a He-Ne laser and crossed-polarizer configuration. By taking the ratio of reflected light intensity at two different polarizer angles, we can measure the value of the reflective cell. If the birefringence of the employed LC is known, then the cell gap can be obtained ( ). Our experimental results agree well with theory.
II. THEORY
In an RTN cell, the normalized reflectance ( ) under crossed-polarizer configuration has been obtained by the Jones matrix calculus as follows [11] : (1) where , , and is the angle between input polarizer and entrance LC director, and is the twist angle of LC. Here, the counterclockwise angle is defined to be positive and the clockwise angle is negative. For LC cell, right-handedness twist angle is positive and left-handedness twist angle is negative.
After taking into account the interference between the beams reflected from interfaces above and below the LC layer, (1) should be revised as [5] (2)
In (2) and are the reflectivity of top ITO and bottom reflector, respectively; and is the average refractive index of the LC.
At two different polarizer angles and , the ratio of is expressed as (3) From (3), the interference, surface reflections, reflectivity of the reflector, and aperature ratio are not relevant to . Thus, for a given RTN LC cell, if its twist angle is known, then we can obtain its value by simply measuring the ratios at two angles, according to (3) . Theoretically, we can arbitrarily choose two different angles and obtain the ratio. However, if is not properly chosen, its corresponding reflectance might be very small and is obscured by the noise. The following explains how to properly choose these two different angles for getting more accurate results. Table I summarizes some commonly used RTN modes developed so far for direct-view and projection displays and their optimal values. [12] Once a reflective mode is chosen, we assume the LCD panel manufacturers will target at its optimal value listed in Table I . At this value, the relationship between and angle is described in (1). Then, we can choose two different angles at which the normalized reflectance is relatively large (usually greater than 0.5) and the error of twist angle has minimum effect on determining . In order to illuminate this idea, we select three commonly used RTN cells: 1) 45 TN cell [13] ; 2) 63.6 twisted nematic electrically controlled birefringence (TN-ECB) cell [14] ; and 3) 90 mixed-mode twisted nematic (MTN) cell [15] as examples. The calculated results are shown in Figs. 1-3 , respectively. Fig. 1(a) plots the angle dependent of the 45 RTN with nm. To minimize the noise effect, we increase from 90 to 90 in a step of 10 while keeping 30 . Then we get those and combinations where is greater than 0.5. During LCD panel assembly, the twist angle could deviate slightly from the designed value. To evaluate the the effect of the twist angle, we calculate the error arising from 1 twist angle deviation based on the above obtained and combinations and choose the set that has minimum error. Finally, 20 and 50 are chosen, as shown in Fig. 1(b) and (c). The normalized reflectance at its optimal reaches 0.74 Fig. 1(c) ]. After and are decided, the relationship between 20 50 and is obtained as plotted in Fig. 1(d) . Hence, once the ratio 20 50 is measured, we can obtain . Notice that there are two values for a given ratio of 20 50 . Our method is unable to resolve this multiple values problem. We can only assume that the value will not deviate too far from its designed value. Based on the same assumption, the results of the 63.6 TN-ECB mode and 90 MTN mode are shown in Figs. 2 and 3 , respectively. The error introduced by 1 twist angle uncertainty is 4.6 nm and 3.5 nm for these two modes, respectively.
In Table I , we list the prefered polarizer angles for the commonly used reflective modes. Here, the specified values for each mode are based on nm. In our proposed experiment, a low-cost and long-life He-Ne laser with nm is used. However, values only change a little since the difference in LC birefringence at nm and nm is very small.
III. EXPERIMENT
Based on the above theoretical analysis, we measured a left-handed 90 MTN cell and a right-handed 63.6 liquid crystal-on-silicon (LCoS) cell. The experimental setup to measure the cell gap is depicted in Fig. 4 . A polarizing beam splitter (PBS) was used to realize crossed-polarizer configuration. In order to overcome the limit of extinction ratio of PBS, a sheet polarizer and an analyzer were added to enhance the signal-to-noise ratio (SNR). [5] The light emitting from the He-Ne laser first passes through polarizer and is reflected from PBS and then impinges onto the reflective LC sample. There are two different parts of light reflection from the sample. The first is the reflection from the glass substrate and top ITO layer. It is blocked by the perpendicular analyzer since its polarization state remains unchanged. The second part is the reflected light from the bottom reflector. It undergoes phase retardation while propagating in LC layer and generally becomes elliptically polarized. As a result, this part of reflected light passes through PBS and analyzer and is received by the detector (large-area visible photoreceiver, Model 2031 from New Focus, Inc.). For testing purpose, we prepared a left-handed 90 MTN cell on transparent substrates. We first measured its cell gap using an LCT-5016C LCD parameters tester (from Changchun Liancheng Instrument Co., Ltd.). The measured cell gap was 6.44 m. Then, the LC cell was filled with MLC-6815 (from Merck, at nm) and an aluminum mirror was attached behind to serve as a reflector. We measured the reflected laser power at 0 and 30 (here the sign of and is reversed according to (1) because is negative for left-handedness). The obtained 0 30 ratio is 0.437. According to Fig. 3(d) , this corresponds to nm, which is in reasonably good agreement with the theoretical value 331.7 nm (6.44 m 0.0515).
For the right-handed 63.6 LCoS cell, the aluminum reflector is deposited on the rear silicon substrate. Thus, we directly measured the reflected He-Ne laser power at 20 and 10 . The obtained 20 10 ratio is 0.928. This corresponds to nm, according to Fig. 2(d) . Again, a good agreement between experiment and theory is found. Table II summarizes the experimental and theoretical results for the LC devices we studied.
IV. CONCLUSION
We have presented a simple method to measure the cell gap of RTN LC cells. The surface reflection and multiple-beam interference effect are eliminated in this method and hence a high accuracy is obtained. Since it only requires measuring reflectance at two different polarizer angles, this method is easy to automate with a computer. Therefore, this method is especially useful for the reflective LCD and LCoS manufacturers to monitor the cell gap variation.
